Isothermal reduction of magnesium oxide with aluminum was carried out by use of an insertion tube charged with pellets composed of magnesium oxide and aluminum powders. Since the temperature in the tube increased rapidly during inserting the tube into a high temperature zone in the graphite crucible and decreased quickly during lifting up the tube to a low temperature zone, the isothermal reduction condition was essentially satisfied by the present method.
Introduction
Reduction of magnesium oxide has gained attention of metallurgists since MgO-C brick began to be used as BF refractory in 1970's. 1) Owing to the pronounced advantages of using MgO-C refractory brick, such as extension of the lining life and prevention of the slag penetration, the MgO-C refractory was further used for the tuyere, and the slag-lining part both in top-bottom blowing converter and electric arc furnace. Several papers have dealt with the reaction between carbon and magnesium oxide in the refractory brick with the purpose of preventing the redox reaction between magnesium oxide and carbon, [1] [2] [3] and clarifying the influence of slag on the MgO-C refractory corrosion. 4) On the other hand, positive application of carbothermic reduction of magnesium oxide to the steelmaking process has also been proposed. Najafabadi et al. 5) developed a deoxidation process of iron melt with an immersed MgO-C porous tube. The magnesium vapor produced by the carbothermic reduction of magnesium oxide can be exploited to remove oxygen dissolved in the iron melt. Furthermore, novel processes of desulfurization 6) and deoxidation 7) of molten iron with magnesium vapor produced in-situ by carbothermic reduction of magnesium oxide were also developed. Kinetic studies of carbothermic reduction of magnesium oxide were subsequently conducted by using thermogravimetric analysis technique 8, 9) and microwave irradiation. 10) However, the rate of cabothermic reduction of magne-sium oxide is quite slow at the usual operating temperature of iron and steel making; accordingly magnesium vapor can not be produced fast enough to satisfy the refining requirement. This problem can be solved by using aluminum as a reductant. In recent years, there was an increasing interest in aluminothermic reduction of oxides, such as TiO 2 , 11) MnO 2 and Fe 2 O 3 , 12,13) Cr 2 O 3 [13] [14] [15] and Nb 2 O 5 . 16) We have proposed new methods of desulfurization [17] [18] [19] [20] [21] [22] and deoxidation 23, 24) of molten iron with magnesium vapor produced in situ by aluminothermic reduction of magnesium oxide. In the processes, MgO-Al pellets were charged into a tube, which was immersed into the molten iron. Heated by heat conduction from the molten iron, magnesium oxide in the pellets was reduced by aluminum to produce magnesium vapor, which was injected directly into the molten iron together with argon carrier gas, to react with sulfur or oxygen dissolved in it.
Nonisothermal gravimetric investigation on kinetics of aluminothermic reduction of magnesium oxide was carried out by using a thermobalance, 25) and the apparent activation energy of the reduction was determined to be 151.2 kJ/mol.
In our previous paper, 26) the mechanism of aluminothermic reduction of MgO was studied by microscopic observation. From in situ observation of aluminothermic reduction of magnesium oxide by use of a high temperature optical microscope (HTOM), it was found that the reduction proceeded after the penetration of molten aluminum into the magnesium oxide phase. SEM observation of the pellets at different reduction stages for various temperatures showed that fracture and disappearance of the alumina films on the aluminum particles were stimulated above 1 473 K, and thus the reduction of magnesium oxide was greatly accelerated. In-situ observation of the melting process of aluminum particles together with SEM observation of the cooled sample further showed that the thermal stress and the stress formed during phase transformation could break up the alumina film and the outflow of molten aluminum did take place at elevated temperatures.
Since the activation energy is determined usually by applying Arrhenius expression to the rate constant after conducting a series of isothermal experiments, in the present study, a new method of isothermal gravimetric experiment is proposed in order to obtain the reduction ratio of magnesium oxide in the rapid aluminothermic reduction process with necessary accuracy. A graphite tube charged with MgO-Al pellets is promptly inserted into a high temperature zone to start the reduction experiment, and is rapidly lifted up to a low temperature zone to end the experiment so that the conditions of isothermal reduction can be satisfied.
By use of this isothermal reduction method, effects of temperature, carrier gas flow rate, pellet forming pressure on the aluminothermic reduction rate of magnesium oxide are investigated experimentally and the apparent activation energy of the reduction process is obtained in the present study. The changes in the composition of the reduced pellets at the different stages of reduction are qualitatively measured using XRD patterns, and a kinetic model is established to describe the aluminothermic reduction rate of magnesium oxide. Figure 1 schematically shows the experimental apparatus. A high frequency induction furnace (15 kW, 100 kHz) was used to heat a graphite crucible of 40 mm i.d. and 100 mm in height, in which a high temperature zone was maintained. The inert atmosphere was maintained by blowing argon gas at a flow rate of 1.3ϫ10 Ϫ5 m 3 /s into the graphite crucible. A graphite tube of 11 mm i.d., 15 mm o.d. and 60 mm in height was inserted into the graphite crucible. The tube had 5 holes of 1.0 mm diameter at its lower part, through which the produced magnesium vapor and the argon carrier gas flew out. The temperatures in the tube and the crucible were measured with W · 5%Re-W · 26%Re thermocouples.
Experimental Apparatus and Procedures
The pellets charged into the graphite tube were composed of magnesia powder (0.4 mm in average diameter and purity higher than 99.99 %) and aluminum powder (75-150 mm in size and purity higher than 99.5 %) with a molar ratio of 4 : 2. The magnesium oxide powder was excessively added to improve utilization efficiency of aluminum that is relatively high in price. Then the pellets were formed by use of a cold isostatic press under a pressure of 10 or 150 MPa for one hour, having a diameter of 3 mm and a length of 5 mm.
As for the conventional isothermal reduction method, for example in the work of aluminothermic reduction of titanium oxide, 11) the reacting substances were preliminarily placed in an alumina crucible and were preheated at a lower temperature. Before staring an experiment, the temperature was increased to the prescribed one as quickly as possible by applying full power of induction furnace. However, the elapsed time for temperature increased from the preheated one to the prescribed one is too long to satisfy the isothermal reduction condition for a rapid reduction process such as in the present case.
In the present experiment, an isothermal reduction method is newly proposed. After the temperature in the crucible reached the experimental one and was kept stable, the graphite tube of good heat conductivity charged with the pellets was promptly inserted into the graphite crucible, in which a high temperature zone was maintained, to start the reduction. After the experiment, the insertion tube was rapidly lifted up from the crucible to a low temperature zone in the upper part of the furnace to end the reduction. The pellet mass was 0.5ϯ0.01 g before reduction and the change in pellet mass during the reduction was measured by using an electronic balance with a detection precision of 0.1 mg. For some experiments, the reduced pellets were smashed for 'XRD' analysis using the Cu(K a ) target.
Experimental Method and Thermodynamic Consideration
The changes in temperature inside the graphite tube during lowering into and lifting up from the crucible were measured in advance to justify the experimental method of isothermal reduction. the different experimental temperatures (T f ). The carrier gas flow rate was 5.0ϫ10 Ϫ7 m 3 /s. The increase in temperature during lowering the tube was very fast. The times from inserting the tube to reaching the temperature of T f Ϫ50 (K) were 62, 56, 50 and 42 s for the experimental temperatures of 1 373, 1 473, 1 573 and 1 673 K, respectively. During lifting up the tube, the decrease in temperature was also very quick, being more than 200 K within 60 s at all of the above experimental temperatures. The rapid increase and decrease in temperature inside the tube well satisfied the requirement for the isothermal reduction experiment. Moreover, the effect of the carrier gas flow rate on the rate of temperature change during descent and ascent of the tube was also studied at the temperature of 1 573 K. No obvious difference in the rate of temperature change was observed for the carrier gas flow rates of 0, 5.0ϫ10 Ϫ7 and 3.3ϫ10 Ϫ6 m 3 /s. During the aluminothermic reduction of magnesium oxide, the following reactions may occur 27) :
The relationships between equilibrium magnesium partial pressure and temperature calculated from Eqs. (2), (4) and (6) are plotted in Fig. 3 . If the reaction temperature is higher than the boiling point of metallic magnesium, the produced magnesium vapor can leaves the reaction site easily. Thus all of the above reactions are possible to take place. It is clear that reaction (3) occurs most probably because it has the highest equilibrium partial pressure of magnesium vapor.
The reduction ratio of magnesium oxide (h R ) is defined as the ratio of magnesium mass loss in the reduction (DW) to the initial magnesium mass in the pellets (W 0 ). Since release of the produce magnesium vapor is the only reason of the change in the pellet mass, the change in the pellet mass is taken as the magnesium mass loss.
In the present study, because pellets were made of magnesium oxide and aluminum powders at the molar ratio of 4 : 2, the maximum reduction ratio of magnesium oxide is 75 % according to Eq. (3). Figure 4 shows the changes in reduction ratio of magnesium oxide with time at different temperatures, which was reported in our previous paper. 26) The argon carrier gas flow rate was 5.0ϫ10 Ϫ7 m 3 /s. The lines are the calculated results, which will be explained later.
Results and Discussion

Effect of Temperature on Isothermal Reduction of MgO
At the temperature of 1 673 K, the reduction ratio of magnesium oxide increased very fast at first, reached 74.0 % at only 600 s. The final reduction ratio was 74.6 %. Under the present experimental conditions, the measured reduction ratio never exceeded the maximum reduction ratio of 75 % expected on the basis of Eq. (3). This result proves that there was no significant loss of evaporable phase during the reduction except for magnesium vapor. It is seen that the reduction reaction was almost completed at the end of the experiment. With decreasing temperature to 1 573 K and 1 473 K, the reduction rate became slow. The reduction ratios of magnesium oxide were 65.8 and 55.3 % at 600 s, and 69.1 and 63.8 % at the end of the experiments.
When the temperature was further decreased to 1 373 K, the reduction behavior was quite different from that at the higher temperatures. The reduction ratio rose fast in the initial 120 s, and then turned into a gradual increase until 1 800 s, but the reduction accelerated after 1 800 s. The difference in the reduction pattern is because the elimination of alumina film formed on the surface of aluminum particles took place after only several minutes at the elevated temperature but after 1 800 s at the temperature of 1 373 K, which has been discussed in detail elsewhere. 26) To clarify the mechanism of the aluminothermic reduction of magnesium oxide, the pellets at different reduction stages were analyzed by XRD and the results are shown in Fig. 5 . The reduction experiment was carried out under the conditions of a temperature of 1 573 K, carrier gas flow rate of 5.0ϫ10 Ϫ7 m 3 /s and pellet forming pressure of 150 MPa.
Before the reduction, the XRD pattern shows that the pellets contained magnesium oxide and aluminum. The strongest peak of the XRD pattern appeared for the crystal plane (100) with the diffraction angle of 2qϭ38.53°for aluminum, and for the crystal plane (100) with the diffrac- 440), which are the strongest peaks of these substances, are presented in Fig. 6 . It is clear that the intensities of the peaks of aluminum and magnesium oxide decreased as the reduction proceeded. This means that aluminum and magnesium oxide were continuously consumed by the reduction reaction. The very low final intensity of the aluminum peak indicated that the utilization efficiency of aluminum was quite high because magnesium oxide was excessively added to the pellets. The intensity of the alumina peak increased rapidly in the first 300 s, and then increased very slowly until the end of the experiment. The intensity of the spinel peak increased in the first 300 s and decreased steadily after 300 s.
From these results, it is confirmed that the formation rate of spinel according to Eq. (3) was larger than its consumption rate according to Eq. (5) in the first 300 s. The decrease in spinel peak after 300 s is due to the further reduction of spinel by Al. Therefore, the aluminothermic reduction of magnesium oxide could be roughly classified into two stages. At the first stage, spinel, alumina and magnesium vapor were mainly produced according to Eqs. (3) and (1). At the second stage, part of the spinel was further reduced by aluminum according to Eq. (5) to produce alumina and magnesium vapor and the excessively added magnesium oxide was also reduced. Owing to the limited amount of reaction at the second stage, the intensity of alumina peak increased only a little at the second stage.
Effect of Carrier Gas Flow Rate on Isothermal
Reduction of MgO Figure 7 illustrates the effect of the carrier gas flow rate on the reduction ratio of magnesium oxide. At the carrier gas flow rate of 3.3ϫ10 Ϫ6 m 3 /s, the reduction rate was quite fast. The reduction ratio was 71.3 % at 600 s and the final reduction ratio reached 73.2 %. With the carrier gas flow rate decreasing to 5.0ϫ10 Ϫ7 m 3 /s, the reduction rate was slightly decreased. The final reduction ratio dropped to 68.5 %. When no carrier gas was utilized, the reduction rate of magnesium oxide became rather slow. The reduction ratio rose at a much slower rate and the final one was decreased to 66.1 %. Since the decrease in the carrier gas flow rate raised the magnesium partial pressure in the tube, the escape of the produced magnesium vapor from the reaction site was hindered and the reduction rate of magnesium oxide was therefore decreased.
Effect of Pellet Forming Pressure on Isothermal
Reduction of MgO The effect of pellet forming pressure on the isothermal reduction of magnesium oxide is presented in Fig. 8 . The temperature was 1 573 K and the carrier gas flow rate was 5.0ϫ10 Ϫ7 m 3 /s. For the pellet forming pressure of 150 MPa, the reduction of magnesium oxide proceeded quite fast. The reduction ratios were 65.8 and 68.5 % at 600 and 3 600 s, respectively. For the pellet forming pressure of 10 MPa, the reduction rate was obviously decreased. The reduction ratios were 50.6 and 59.8 % at 600 and 3 600 s, respectively. This is because increasing pellet forming pressure increases the contact area between magnesium oxide and aluminum particles, and thus improves the penetration of molten aluminum into the magnesium oxide phase and the reduction of magnesium oxide. Figure 9 shows the SEM image of the pellet surface after reduction, which was reported in our previous paper. 26) Before the experiment, the pellet had a diameter of 3.0 mm, a height of 0.7 mm and mass of 0.01145 g. The reduction was conducted in a hot stage with a high temperature optical microscope. The pellet was heated to 1 473 K and held for 5 min. After the reduction, the pellet size almost did not change and the pellet mass dropped to 0.00920 g.
Reaction Mechanism and Kinetic Model of Aluminothermic Reduction of MgO
Reaction Mechanism
In the picture, the hole was the place of an aluminum particle existing before the reduction, and the region of fine particles was the magnesium oxide phase. Because rather high aluminum concentrations were detected at B and C points in the magnesium oxide phase, it is clear that molten aluminum spread to the magnesium oxide phase in various directions to react with the magnesium oxide. Namely, the aluminothermic reduction of magnesium oxide proceeded after the penetration of molten aluminum into the magnesium oxide phase.
From the above results, one can deduce that the aluminothermic reduction of magnesium oxide consists of the following steps: the alumina film formed on the surface of aluminum particles breaks up and molten aluminum penetrates into the magnesium oxide phase. The breakup of the alumina film was clearly shown by SEM observation of the pellets at different reduction stages, and was explained in detail in our previous paper. 26) At the surface of magnesium oxide particles, the aluminothermic reduction of magnesium oxide takes place. The produced magnesium vapor leaves the reaction site. As long as a little carrier gas is used, the reduction rate does not obviously change with the carrier gas flow rate. Consequently, under the condition of using carrier gas, the removal of the produced magnesium vapor from the reaction site does not need to be taken into account for one of the rate controlling steps. Therefore, the rate controlling steps are considered to be the reduction reaction and the penetration of molten aluminum into the magnesium oxide phase.
Kinetic Model
In fact, alminothermic reduction of magnesium oxide proceeds according to reactions (1), (3) and (5) simultaneously, and the relative contribution of the above reactions and the reaction area change with progress of the reduction. Therefore, it is quite difficult to make a kinetic analysis from the present experimental results, especially in which the reduction ratio changes to a large degree. However, formulation of the change in reduction ratio with time is useful for the design of the refining process with magnesium vapor.
In the present study, a kinetic model of aluminothermic reduction of magnesium oxide is constructed and an overall apparent rate constant is obtained from the change in the reduction ratio of magnesium oxide with time. The reaction degree (a), which is defined by Eq. (8) , is adopted to evaluate the reduction rate. where h R,t is the reduction ratio at time t, h R,f is the final reduction ratio at the end of experiment, and h R,0 is the initial reduction ratio. Since h R,0 ϭ0 in the present case, one can obtain aϭh R,t /h R,f . Theoretically, h R,f should be the maximum value (h R,m ) of 75 %. However, at the end of experiments below 1 573 K, the reduction actually did not proceed even though h R did not reach h R,m . Hence, h R,f in Eq. (8) is taken as the final reduction ratio in the experiments.
In the case of reaction of MgO with molten pure Al, both of the activities are unity. Thus with f(a) expressing the change in the interfacial area caused by the reduction reaction and the penetration of molten Al into MgO phase, the reduction rate can be expressed as follows:
............................. (9) where k(T), which is a function of T, is the apparent rate constant, and f(a) is a function of a. In consideration of the decrease in reaction area with progress of the reduction, f(a)ϭ1Ϫa is assumed. Since the aluminothermic reductions of magnesium oxide at above 1 473 K and at 1 373 K are different in reaction mechanism from the results shown in Fig. 4, Fig. 10 gives the plots of Ϫln(1Ϫa) against t for the temperatures above 1 473 K. The linear relationship between Ϫln(1Ϫa) and t indicates that the aluminothermic reduction rate of magnesium oxide can be expressed by Eq. (10) . The values of k are determined to be 0.0030, 0.0057 and 0.0090 s Ϫ1 at the temperatures of 1 473, 1 573 and 1 673 K, respectively, indicating that the reduction is greatly enhanced at a higher temperature and the reduction reaction taking place on the surface of magnesium oxide particles is one of the rate controlling steps of the aluminothermic reduction of magnesium oxide.
From the obtained apparent rate constant, one can calculate the change in reduction ratio with time according to Eq. (11) . The calculated results are plotted in Fig. 4 at the different temperatures and are in good agreement with the experimental results. So, the kinetic model is valid for explaining the present experimental results.
According to the Arrhenius expression, the relation between the apparent rate constant (k) and the absolute temperature (T) is given by ......................... (12) where A is the pre-exponential constant (s Ϫ1 ), R is the gas constant (J · mol Ϫ1 · K Ϫ1 ), and E is the apparent activation energy (J · mol Ϫ1 ). For the temperatures of 1 473, 1 573 and 1 673 K, the plot of ln k vs. reciprocal absolute temperature gives a straight line as shown in Fig. 11 , from the slope of which the apparent activation energy can be determined to be 109 kJ/mol. However, this value is smaller than the apparent activation energy of 151.2 kJ/mol obtained by Hong et al. 25) who used pellets containing magnesium oxide and aluminum at a molar ratio of 3 : 2. This difference may be attributed to the different pellet compositions and also to the different experimental and calculation methods. In the present study, the experiments were made under the isothermal condition, and the apparent activation energy is obtained with the assumption of f (a)ϭ1Ϫa. On the other hand, Hong et al. made experiments under the nonisothermal condition and the apparent activation energy was ob-tained with the assumption of a constant f (a) for a given reduction ratio of magnesium oxide. As the values of activation energy determined from these two kinds of methods do not agree, the real activation energy of the aluminothermic reduction of magnesium oxide needs to be studied further in the future.
The plots of Ϫln(1Ϫa) vs. t at the different carrier gas flow rates are shown in Fig. 12 . The linear relationship is also obtained. The values of k are 0.0020, 0.0057 and 0.0062 s Ϫ1 for the carrier gas flow rates of 0, 5.0ϫ10 Ϫ7 and 3.3ϫ10 Ϫ6 m 3 /s, respectively. The reduction rate is markedly increased at the carrier gas flow rate of only 5.0ϫ10 Ϫ7 m 3 /s comparing with the case without carrier gas. However, it does not change very much with increasing carrier gas flow rate by 6.7 times from 5.0ϫ10 Ϫ7 to 3.3ϫ10 Ϫ6 m 3 /s. Namely, a very little carrier gas flow can greatly increase the reduction rate of magnesium oxide, thus the removal of the produced magnesium vapor from the reaction site is not necessary to be taken as one of the rate controlling steps when a little carrier gas is used. The great improvement of reduction rate with rather a little carrier gas is also quite important for application of the present process to industrial use. By use of the obtained apparent rate constant, the calculated changes in reduction ratio with time accord well with the experimental ones at different carrier gas flow rates as shown in Fig. 7 .
For the pellet forming pressures of 10 and 150 MPa, the plots of Ϫln(1Ϫa) vs. t are given in Fig. 13 . Good linear relationships are obtained. The apparent rate constants are determined to be 0.0035 and 0.0057 s Ϫ1 for the pellet forming pressures of 10 and 150 MPa, respectively. Since increasing pellet forming pressure increases the contact area between aluminum and magnesium oxide particles, the penetration of molten aluminum into the magnesium oxide phase was enhanced, and thus it can not be excluded from one of the rate controlling steps. By use of the obtained apparent rate constants, the calculated reduction ratios are in good agreement with the experimental results for the different pellet forming pressures as shown in Fig. 8 .
It is made clear that the aluminothermic reduction of magnesium oxide is a solid-liquid reaction, and is controlled both by the penetration of molten aluminum into the magnesium oxide phase and by the reduction reaction on the surface of magnesium oxide particles. Although in the present study the kinetic model is established to explain the change in reduction ratio of magnesium oxide with time, the strict kinetic analysis is needed in the future.
Conclusions
Isothermal reduction experiments were carried out to study the aluminothermic reduction rate of magnesium oxide, by use of an insertion tube charged with pellets composed of magnesium oxide and aluminum powders. Effects of temperature, carrier gas flow rate and pellet forming pressure on the aluminothermic reduction rate of magnesium oxide were investigated. XRD analyses of the pellets at different reduction stages were carried out. A kinetic model was established to explain the change in reduction ratio of magnesium oxide with time. The following conclusions can be drawn:
(1) The rapid increase in temperature during lowering the tube into a high temperature zone and the fast decrease in temperature during lifting up the tube to a low temperature zone indicated that the isothermal condition of the aluminothermic reduction of magnesium oxide could be essentially satisfied.
(2) Increasing temperature, carrier gas flow rate and pellet forming pressure increased the aluminothermic reduction rate of magnesium oxide. A very little carrier gas flow could greatly enhance the aluminothermic reduction of magnesium oxide.
(3) The XRD patterns at the different reduction stages confirmed that the aluminothermic reduction of magnesium oxide proceeded predominantly to form spinel, alumina and magnesium vapor at first. Then the spinel was further reduced by aluminum to produce alumina and magnesium vapor and the excessively added magnesium oxide was also reduced.
(4) A kinetic model for aluminothermic reduction of magnesium oxide is established to explain the change in reduction ratio of magnesium oxide with time. The apparent rate constant of the kinetic model is increased with increasing temperature, carrier gas flow rate and pellet forming pressure. The apparent activation energy is determined to be 109 kJ/mol.
